Innate lymphoid cells (ILCs) that express CD127 (the interleukin 7 receptor α-chain (IL-7Rα)) are regarded as the innate counterpart of the adaptive immune system's CD4 + helper T cells 1 . An especially strong parallel is the expression of master regulatory transcription factors and signature effector cytokines by distinct subsets of ILCs and helper T cells. For example, group 2 ILCs (ILC2 cells) express the transcription factor GATA-3 (refs. [2] [3] [4] [5] , which is the master regulator of the T H 2 subset of helper T cells, and also secrete the prototypic T H 2 cytokines IL-5 and IL- 13 (refs. 6-8) . Similarly, group 3 ILCs (ILC3 cells) express the transcription factor RORγt (encoded by Rorc) and are able to produce IL-17 and IL- 22 (refs. 9-11) , as do T H 17 cells. Finally, group 1 ILCs (ILC1 cells) 12, 13 resemble T-bet-expressing T H 1 cells, whereas conventional natural killer cells seem to be the innate counterpart of CD8 + T cells. Because of their ability to produce similar cytokines, these functionally related ILCs and helper T cells can participate in a specific type of immune response but at different stages 12, 14, 15 ; they also interact with or engage in crosstalk with each other through multiple mechanisms 14, [16] [17] [18] [19] .
The ILC3 subset includes the CCR6 + lymphoid tissue-inducer (LTi) or LTi-like cell lineage (called 'CCR6 + ILC3 cells' here) and CCR6 − ILC3 lineage 20 . Some CCR6 − ILC3 cells express a natural cytotoxicity-triggering receptor (NCR): NKp46 (encoded by Ncr1) in mice 9 , and NKp44 (encoded by NCR2) in humans 21 . CCR6 − ILC3 cells represent a separate ILC3 lineage that can eventually develop into NCR + ILC3 cells 20 . Unlike LTi cells, CCR6 − ILC3 cells are derived from PLZF + progenitor cells 22 , and they proliferate substantially in mice, mainly after birth to 3-4 weeks of age 23 . Although both CCR6 + ILC3 cells and NCR + ILC3 cells are able to produce IL- 22 (refs. 9,11) , a key cytokine that is essential for a protective immune response to intracellular bacteria such as Citrobacter rodentium, the unique function of NCR + ILC3 cells is still unclear.
In T cells, GATA-3 not only regulates T H 2 differentiation but also directs CD4 + T cell development 24 . Similar to its function in the development of CD4 + T cells, GATA-3 is indispensable for the development of all IL-7Rα-expressing ILCs 3 , including ILC3 cells 25 . GATA-3 has high expression in ILC2 cells, but it also has low expression in mature ILC1 cells and ILC3 cells. Although its expression is low, GATA-3 is also required for the maintenance of ILC1 homeostasis 12 . However, it is unclear whether GATA-3 has any function in mature ILC3 cells.
Here we found that deletion of Gata3 in already committed ILC3 cells through the deletion of loxP-flanked Gata3 alleles (Gata3 fl/fl ) by Cre recombinase expressed from Rorc (Rorc-Cre) blocked further development of CCR6 − NCR − ILC3 cells into NCR + ILC3 cells. This arrest was partly due to upregulation of RORγt expression upon removal of GATA-3. Furthermore, we found that GATA-3 affected the homeostasis of ILC3 cells and their function by positively regulating the expression of IL-7Rα and that of IL-22, respectively. As a consequence, mice with deletion of Gata3 specifically in ILC3 cells succumbed to infection with C. rodentium, which highlights the importance of maintaining GATA-3 expression in the ILC3 lineages.
RESULTS

GATA-3 affects ILC3 homeostasis by regulating IL-7Ra
To study the function of GATA-3 in already developed ILC3 cells, we crossed Gata3 fl/fl mice 26 with Rorc-Cre mice 27 to generate mice with 1 7 0 VOLUME 17 NUMBER 2 FEBRUARY 2016 nature immunology A r t i c l e s conditional GATA-3 deficiency only in cells that had expressed and/ or were expressing RORγt, including ILC3 cells (Gata3 fl/fl Rorc-Cre mice; called 'Gata3 ∆ILC3 mice' here). Unlike Gata3 fl/fl Vav-Cre mice, which do not have lymph node structure 3 , Gata3 ∆ILC3 mice developed lymph nodes (data not shown), which suggested that their LTi cells were intact in terms of inducing lymphoid tissue development. Presumably because RORγt is also expressed during T cell development at the immature CD4 + CD8 + double-positive stage in the thymus 27 , and GATA-3 is involved in CD4 + T cell development 24 , we observed slightly fewer CD4 + T cells in Gata3 ∆ILC3 mice than in wild-type mice (data not shown).
Since RORγt is not expressed in progenitors of ILCs, such as PLZF + common ILC progenitors 22 , the conditional deletion of Gata3 in Gata3 ∆ILC3 mice should not have directly affected the development of ILC populations other than ILC3 cells. Indeed, GATA-3 was abolished only in ILC3 cells but not in ILC2 cells ( Supplementary  Fig. 1a,b ). ILC3 cells from the small intestine lamina propria (siLP) of Gata3 ∆ILC3 mice had lower expression of CD127 (IL-7Rα) than their Gata3 fl/fl counterparts had ( Fig. 1a,b ). CD127 expression was reduced in both CCR6 + ILC3 subsets and CCR6 − ILC3 subsets after deletion of Gata3, but we noted no substantial change in expression of the alloantigen CD90 (Thy-1), the cell-surface marker c-Kit, the lineage marker Sca-1, the T cell-activation marker CD25 or the activation and memory marker CD44 ( Supplementary Fig. 2a ). We also studied mice with global deletion of loxP-flanked Gata3 alleles via Cre expressed from the tamoxifen-inducible Cre-ER T2 transgene (Gata3 fl/fl Cre-ER T2 mice). At 1 week after treating Gata3 fl/fl Cre-ER T2 mice with tamoxifen, we detected a reduction in the expression of CD127 in their ILC3 cells similar to that in ILC3 cells from Gata3 ∆ILC3 mice ( Fig. 1c) , which indicated that GATA-3 was constantly required for the regulation of IL-7Rα expression in ILC3 cells. We then performed high-throughput whole-transcriptome sequencing (RNA-Seq) analysis comparing the gene-expression profiles of Gata3 fl/fl ILC3 cells and Gata3 ∆ILC3 ILC3 cells from siLP. Il7r (which encodes IL-7Rα) was among the genes whose expression was lower in Gata3 ∆ILC3 ILC3 cells than in Gata3 fl/fl ILC3 cells ( Supplementary Fig. 2b) .
IL-7 signaling is critical for the survival and proliferation of lymphocytes, including ILCs. Indeed, the ratio of ILC3 cells to ILC2 cells was significantly lower in Gata3 ∆ILC3 mice than in Gata3 fl/fl mice ( Fig. 1d ). Furthermore, we found that the frequency as well as the absolute number of ILC3 cells was also reduced in Gata3 ∆ILC3 mice ( Fig. 1e,f) . Experiments with chimeras generated by reconstitution of irradiated lymphocyte-deficient Rag2 −/− Il2rg −/− recipient mice with a mixture of Gata3 ∆ILC3 bone marrow and wild-type bone marrow showed that although B cells of either donor genotype populated the recipient mice normally, Gata3 ∆ILC3 ILC3 cells were unable to efficiently populate the host mice, in contrast to wild-type ILC3 cells (Supplementary Fig. 3a-c) . These results indicated that the reduction in the number of ILC3 cells in Gata3-deficient mice was a cell-intrinsic effect.
We restored IL-7Rα expression in Gata3 ∆ILC3 ILC3 by crossing the Gata3 ∆ILC3 mouse strain with a transgenic mouse line that carries an transgene encoding IL-7Rα (called 'Il7ra' here) driven by the promoter of the human gene encoding the activation-costimulation molecule CD2, which is expressed by lymphoid lineages (CD2-Il7ra mice). In mixed-bone marrow chimera experiments similar to those described above, CD127 expression in ILC3 cells of either donor origin in the chimeric mice was identical to the CD127 expression in ILC3 cells in their respective donors, as expected ( Fig. 1g,h) . The Il7ra transgene efficiently restored CD127 expression in Gata3 ∆ILC3 ILC3 cells and 'rescued' the number of ILC3 cells to that observed in chimeras that received wild-type bone marrow ( Fig. 1h,i) . Therefore, GATA-3 affected the homeostasis of ILC3 cells by regulating IL-7Rα expression.
We further performed chromatin immunoprecipitation with antibody to GATA-3 (anti-GATA-3), followed by high-throughput sequencing (ChIP-Seq), with ILC3 cells, ILC2 cells and T H 2 cells. A common GATA-3-binding peak located in intron 2 of Il7r was identified in all three cell types ( Fig. 1j) . Three GATAA motifs were present within the GATA-3-binding region. These results indicated that direct regulation of Il7r expression by GATA-3 might be a shared mechanism for GATA-3-mediated homeostatic regulation of both innate lymphocytes and adaptive lymphocytes.
GATA-3 is indispensable for the development of NKp46 + ILC3 cells
The expression of Ncr1 (which encodes the NCR NKp46) was much lower in Gata3 ∆ILC3 ILC3 cells than in Gata3 fl/fl cells (Supplementary Fig. 2b ). This suggested that GATA-3 might have an important role during the development of NKp46 + ILC3 cells. Indeed, although both the CCR6 + ILC3 lineage and CCR6 − ILC3 lineage were present among RORγt + ILC3 cells in Gata3 ∆ILC3 mice, the NKp46 + ILC3 population was much smaller in Gata3 ∆ILC3 mice than in Gata3 fl/fl mice ( Fig. 2a) .
We then further divided the CCR6 − ILC3 lineage into three stages on the basis of expression of T-bet and NKp46: NKp46 − T-bet − , NKp46 − T-bet + and NKp46 + T-bet + . Both the NKp46 − T-bet − CCR6 − ILC3 population and the NKp46 − T-bet + CCR6 − ILC3 population were reduced only modestly in number in Gata3 ∆ILC3 mice, similar to the reduction of CCR6 + ILC3 cells in these mice, compared with the abundance of these populations in Gata3 fl/fl mice (Fig. 2b) ; this was probably due to the decreased expression of IL-7Rα. NKp46 + ILC3 cells were considerably fewer in Gata3 ∆ILC3 mice than in Gata3 fl/fl mice (Fig. 2b,c) . Furthermore, NKp46 expression was also lower in the remaining Gata3-deficient NKp46 + ILC3 cells than in their Gata3 fl/fl counterparts ( Fig. 2d) . ILC1 cells positive for RORγt 'fate mapping' (that is, ILC1 cells that formerly expressed RORγt; 'ex-ILC3' cells) were also less abundant in Gata3 ∆ILC3 mice than in Gata3 fl/fl mice, while the abundance of ILC1 cells negative for RORγt 'fate mapping' (that is, ILC1 cells that had never expressed RORγt) was similar in Gata3-sufficient mice and Gata3 ∆ILC3 mice ( Supplementary Fig. 4a,b) .
The villus of the small intestine is the main area that shows enrichment for NKp46 + ILC3 cells. Thus, we assessed the distribution of NKp46 + ILC3 cells by imaging the sections of the small intestine of Gata3 fl/fl and Gata3 ∆ILC3 mice. There were only slightly fewer NKp46 − ILC3 cells in the villi of Gata3 ∆ILC3 mice than in those of Gata3 fl/fl mice, whereas NKp46 + ILC3 cells were nearly completely absent from Gata3 ∆ILC3 mice ( Fig. 2e) . The number of NKp46 + ILC3 cells in tamoxifen-treated Gata3 fl/fl Cre-ER T2 mice gradually decreased over time after tamoxifen treatment ( Fig. 2f-h) . At 3 months after treatment of Gata3 fl/fl Cre-ER T2 mice with tamoxifen, the number of NKp46 + ILC3 cells in these mice was substantially reduced and was similar to that observed in Gata3 ∆ILC3 mice ( Supplementary Fig. 5 ). Since ILC2 cells completely disappeared within 1 week of tamoxifen treatment, whereas NKp46 + ILC3 cells were still present in substantial numbers 3 weeks after deletion of Gata3, we concluded that GATA-3 had a minimal role in the maintenance of NKp46 + ILC3 cells and that the main function of GATA-3 was to regulate the development of NKp46 + ILC3 cells. Restoration of IL-7Rα in Gata3 ∆ILC3 ILC3 cells via the Il7ra transgene did not restore the development of NKp46 + ILC3 cells ( Fig. 2i) , which indicated that GATA-3 determined the npg development of NKp46 + ILC3 cells through a mechanism independent of the regulation of IL-7Rα.
Gata3 deficiency in ILC3 cells results in RORgt upregulation
The development of NKp46 + ILC3 cells requires T-bet expression 20, 28, 29 . However, among NKp46 − CCR6 − ILC3 cells, we did not detect notable changes in T-bet expression at the population level after deletion of Gata3 (Fig. 3a) . Unlike the binding of GATA-3 to an intron of Tbx21 (which encodes T-bet) in ILC2 cells and T H 2 cells, a mechanism through which GATA-3 might silence Tbx21 expression in these cells, GATA-3 did not bind to the Tbx21 locus in ILC3 cells ( Fig. 3b) , which might have allowed T-bet to be expressed in this lineage.
Consistent with the increase in Rorc mRNA after deletion of Gata3 (Supplementary Fig. 2b) , flow cytometry showed an increase in the expression of RORγt protein in ILC3 cells in which Gata3 was deleted ( Fig. 3c,d) . This was true in both CCR6 + ILC3 cells and CCR6 − ILC3 cells ( Supplementary Fig. 6a ). Moreover, at the fetal stage, the Gata3 ∆ILC3 LTi cells already had higher RORγt expression than that of Gata3 fl/fl LTi cells ( Supplementary Fig. 6b ). By using mixed-bone marrow chimeras (transferring a mixture of wild-type and Gata3 ∆ILC3 bone marrow cells into Rag2 −/− Il2rg −/− hosts), we confirmed that GATA-3-mediated suppression of RORγt expression was cell intrinsic (Supplementary Fig. 6c ). Furthermore, we still detected higher RORγt expression in Gata3 ∆ILC3 ILC3 cells expressing the Il7ra transgene than in Gata3 fl/fl ILC3 cells expressing the Il7ra transgene ( Supplementary Fig. 6d ), which suggested that GATA-3 suppressed RORγt expression independently of the regulation of IL-7Rα. At 1 week after tamoxifen treatment of the Gata3 fl/fl Cre-ER T2 mice, RORγt expression was higher in ILC3 cells from these treated mice than in ILC3 cells from their untreated counterparts ( Fig. 3e) , which indicated that GATA-3 constantly restrained RORγt expression in mature ILC3 cells.
GATA-3 directly binds to Rorc in T H 2 cells and regulatory T cells 30 . We found that GATA-3 bound to that same site of the Rorc locus 30 in T H 2 cells and ILC2 cells ( Fig. 3f) . We also detected a smaller but notable GATA-3-binding peak at the same region in ILC3 cells, which suggested that GATA-3 directly limited RORγt expression in ILC3 cells. CD127 CD127 (MFI
NS h *** *** *** *** *** 0.1 Interplay among RORgt, GATA-3 and T-bet at different stages To investigate whether a modest change in RORγt expression would affect the development of NKp46 + ILC3 cells, we analyzed mice in which one allele of Rorc was replaced with sequence encoding green fluorescent protein (GFP). Although such Rorc gfp/+ mice have been widely used as RORγt reporter mice and are considered 'wild-type' animals, Rorc gfp/+ mice had many more NKp46 + ILC3 cells than did their truly wild-type (Rorc +/+ ) littermates ( Fig. 4a,b ). Furthermore, Rorc gfp/+ NKp46 + ILC3 cells also had higher expression of NKp46 and T-bet than did wild-type NKp46 + ILC3 cells (Fig. 4c) . These results indicated that reducing RORγt expression by half promoted the development of NKp46 + ILC3 cells and expression of T-bet in these cells.
To further understand the relationship between T-bet and RORγt in NKp46 + ILC3 cells, we generated mice heterozygous for conditional deficiency in Rorc by crossing Rorc fl/+ mice with mice that express Cre recombinase from the gene encoding T-bet (Tbx21-Cre mice). The proportion of NKp46 + ILC3 cells was not greater in the resultant Rorc fl/+ Tbx21-Cre mice than in Rorc fl/+ mice ( Fig. 4d,e ), unlike the results obtained for Rorc gfp/+ mice (Fig. 4a,b) , possibly due to late deletion of the Rorc fl allele by Cre expressed from Tbx21. Nevertheless, just as in Rorc gfp/+ NKp46 + ILC3 cells, we found higher expression of NKp46 and T-bet in NKp46 + ILC3 cells from the Rorc fl/+ Tbx21-Cre mice than in those from their Rorc fl/+ littermates ( Fig. 4f) . These results suggested that the cross-regulation and dynamic balance between T-bet and RORγt might determine the fate of CCR6 − NKp46 − ILC3 cells to become either CCR6 − NKp46 + ILC3 cells or 'ex-ILC3' cells.
Taking advantage of a transgenic bacterial artificial chromosome reporter mouse carrying sequence encoding the green fluorescent protein ZsGreen inserted into the gene encoding T-bet (T-bet-ZsGreen mice) 31 , we were able to analyze RORγt expression in CCR6 − NKp46 − T-bet-ZsGreen + cells in the presence or absence of T-bet. Although T-bet was not expressed in Tbx21 −/− T-bet-ZsGreen mice, due to the lack of Tbx21, T-bet-ZsGreen expression was comparable in CCR6 − NKp46 − ILC3 cells from Tbx21 +/+ T-bet-ZsGreen mice and those from Tbx21 −/− T-bet-ZsGreen mice (Fig. 4g,h) , which indicated that at this early phase, T-bet was dispensable for its own expression. Notably, the expression of RORγt was not increased in CCR6 − NKp46 − T-bet-ZsGreen + cells in the absence of T-bet ( Fig. 4i) , which suggested that although T-bet suppressed RORγt expression in the NKp46 + ILC3 cells, as reported before 20 , it did not suppress RORγt expression in the CCR6 − NKp46 − ILC3 cells. Since RORγt expression was increased in Gata3-deficient cells, we concluded that RORγt was regulated by GATA-3 but not by T-bet at early developmental stages and that the interplay between GATA-3 and RORγt preceded the balance between T-bet and RORγt, both of which were critical for fate determination of the NKp46 + ILC3 lineage.
We restored RORγt expression in ILC3 cells from Gata3 ∆ILC3 mice by crossing these mice with Rorc gfp/+ mice. RORγt expression in ILC3 cells from the resultant Gata3 ∆ILC3 Rorc gfp/+ mice was comparable to that in ILC3 cells from Gata3 fl/fl mice (Fig. 4j) . More notably, we observed 'rescue' of the development of NKp46 + ILC3 cells in Gata3 ∆ILC3 Rorc gfp/+ mice (Fig. 4k,l) . These results indicated that GATA-3-mediated repression of RORγt expression in ILC3 cells at 
Lineage-specific gene regulation by GATA-3 in ILC3 subsets
We further performed an RNA-Seq analysis of distinct ILC3 subsets.
To obtain pure ILC3 subsets, we first generated an RORγt reporter mouse strain carrying a transgenic bacterial artificial chromosome containing the Rorc locus in which sequence encoding the far-red fluorescent protein E2-Crimson was inserted at the start codon (ATG) of Rorc. In one of the transgenic lines, RORγt-E2-Crimson D9, E2-Crimson had high expression that faithfully reflected the expression of endogenous RORγt (Fig. 5a) . Unlike Rorc gfp/+ knock-in mice, these RORγt-E2-Crimson mice had normal distribution of ILC3 subsets (data not shown). We then bred RORγt-E2-Crimson mice with T-bet-ZsGreen mice to generate a double reporter strain (T-bet plus RORγt) to facilitate sorting of the ILC3 subsets. We also bred some of these double-reporter mice onto the Gata3 ∆ILC3 
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NKp46 Fig. 1j ). Bottom, enlargement of peak area identified above, showing two putative GATA-3-binding motifs with a consensus GATA-3-binding sequence (red). *P < 0.001 (two-tailed unpaired Student's t-test). Data are representative of at least three independent experiments (a,c,d) or one experiment (b,e,f).
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A r t i c l e s background. We then sorted CCR6 + and NKp46 + ILC3 subsets, defined by expression of the reporters as RORγt-E2-Crimson + T-bet-ZsGreen − CCR6 + , for the CCR6 + ILC3 population, and RORγt-E2-Crimson + T-bet-ZsGreen + NKp46 + for the NKp46 + ILC3 population (Fig. 5b) , from Gata3 fl/fl and Gata3 ∆ILC3 mice and subjected these cells to RNA-Seq analysis. Overall, GATA-3 positively or negatively regulated hundreds of genes (with a cutoff of a difference in expression (higher or lower) of over twofold in Gata3 fl/fl cells relative to expression in Gata3 ∆ILC3 cells and with an RPKM ('reads per kilobase of exon model per million mapped reads') value of >5 in either sample) in CCR6 + ILC3 cells (462 positively regulated genes and 389 negatively regulated genes) and NKp46 + ILC3 cells (841 positively regulated genes and 751 negatively regulated genes) ( Supplementary Table 1 ). Using the same cutoff noted above, we also identified hundreds of genes that were 'preferentially' expressed by CCR6 + ILC3 cells (420 genes) or NKp46 + ILC3 cells (377 genes). To further identify genes that were expressed most differentially in CCR6 + ILC3 cells relative to their expression in NKp46 + ILC3 cells, we applied a more stringent cutoff of a difference in expression of over fourfold and an RPKM value of >10; this resulted in the identification of 78 CCR6 + ILC3-specific genes and 77 NKp46 + ILC3-specific genes ( Fig. 5c  and Supplementary Table 1) . The CCR6 + ILC3-specific genes included the transcription factor-encoding genes Egr2, Foxs1, Id1 and Id3 and the cell surface molecule-encoding genes Cxcr5, H2-Oa, Pdcd1, Ly6c1, Ly6c2, Nrp1 and S1pr1, in addition to Ccr6. On the other hand, the NKp46 + ILC3-specific genes included the transcription factor-encoding genes Hey1, Ikzf3, Irf7 and Tbx21 and the cell surface molecule-encoding genes Ccr9, Cxcr3, Cxcr6, Fasl, Icos, Il12rb1 and Ltb4r1, in addition to Ncr1. CCR6 + ILC3 cells 'preferentially' expressed Il17f, whereas NKp46 + ILC3 cells 'preferentially' expressed Csf2 and Areg, consistent with published findings 32 .
Among the 78 CCR6 + ILC3-specific genes and 77 NKp46 + ILC3specific genes, 12 genes and 39 genes, respectively, were positively regulated by GATA-3 in these cells (Fig. 5d,e) . 50 of the 78 CCR6 + ILC3-specific genes were negatively regulated by GATA-3 in NKp46 + cells, whereas 15 of the 77 NKp46 + ILC3-specific genes were negatively regulated by GATA-3 in CCR6 + cells (Fig. 5d,e ). The finding that GATA-3 promoted more than half of the NKp46 + ILC3-specific genes, including Il12rb1, Ltb4r1, Hey1, Ncr1, Ikzf3 and Icos, while it inhibited more than half of the CCR6 + ILC3-specific genes, including Cxcr5, Id3, Egr2, Ly6c1 and Ly6c2, in NKp46 + ILC3 cells, supported the proposal that GATA-3 expression was particularly important for specifying the fate of the NKp46 + lineage.
GATA-3 regulates IL-22 production by ILC3 cells
Among the 122 genes and 45 genes that were positively regulated by GATA-3 (with a difference in expression of over fourfold and an RPKM value of >10) in CCR6 + ILC3 cells and NKp46 + ILC3 cells, respectively, 9 genes, including Arg1 and Il22, were induced by GATA-3 in both cell types ( Fig. 6a and Supplementary Table 1 ). Furthermore, GATA-3 positively regulated the expression of Ahr (over twofold) in both CCR6 + ILC3 cells and NKp46 + ILC3 cells ( Supplementary  Table 1 ). Although IL-22 production by NKp46 + ILC3 cells has been correlated with resistance of mice to infection with C. rodentium, both CCR6 + ILC3 cells and NKp46 + ILC3 cells are able to produce IL-22. Indeed, our RNA-Seq results showed that both subsets expressed equivalent amounts of Il22 mRNA, but Il22 expression was reduced considerably when GATA-3 was absent in these cells (Fig. 6b) .
Our results obtained by ChIP-Seq with anti-GATA-3 showed that GATA-3 bound to the promoter of Il22 only in ILC3 cells, not in ILC2 cells or T H 2 cells (Fig. 6c) . We identified a GATA-3-binding motif, GATAA, in the middle of the GATA-3-binding region (Fig. 6c) . Thus, Il22 was probably a direct target of GATA-3 in both ILC3 subsets. Gata3 ∆ILC3 ILC3 cells showed ~50% less IL-22 production compared with that of Gata3 fl/fl ILC3 cells (Fig. 6d) . The Il7ra transgene restored IL-7Rα expression in Gata3 ∆ILC3 ILC3 cells (Fig. 1g) , but it did not correct the IL-22-production defect of such cells (Fig. 6d) . In vitro stimulation with IL-23 induced IL-22 production in both Gata3 fl/fl ILC3 cells and Gata3 ∆ILC3 ILC3 cells (Fig. 6e) .
However, IL-22 production was still substantially lower in Gata3 ∆ILC3 ILC3 cells than in Gata3 fl/fl ILC3 cells (Fig. 6e) .
To further address the importance of GATA-3 expression in ILC3 cells during immune responses, we used C. rodentium-infection model. Since Gata3 ∆ILC3 mice had somewhat altered T cell development, as noted above, we bred these mice onto a background deficient in the RAG recombinase component RAG-1 (Rag1 −/− ) to generate Rag1 −/− Gata3 ∆ILC3 and used Rag1 −/− Gata3 fl/fl mice as controls. ILC3 cells from the Rag1 −/− Gata3 ∆ILC3 mice expressed less IL-7Rα protein but more RORγt protein than did ILC3 cells from Rag1 −/− Gata3 fl/fl mice, as expected (Supplementary Fig. 7a) . We also observed a blockade in the development of NKp46 + ILC3 cells in the Rag1 −/− Gata3 ∆ILC3 mice (Supplementary Fig. 7b) . At 4 d after infection of mice with C. rodentium, we detected a much lower frequency of IL-22-expressing ILC3 cells in Rag1 −/− Gata3 ∆ILC3 mice than in Rag1 −/− Gata3 fl/fl mice (Fig. 6f) . The total number of IL-22-producing ILC3 cells, as well as the mean fluorescence intensity of IL-22, were significantly lower in Rag1 −/− Gata3 ∆ILC3 mice than in Rag1 −/− Gata3 fl/fl mice (Fig. 6g) . We also detected less IL-22, but not less IL-17A, in culture supernatants of cells obtained from the colonic lamina propria (cLP) 
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Gata3 ∆ILC3 CD2-Il7ra Fig. 1j) ; below, GATA-3-binding sites (presented as in Fig. 3f ). npg of Rag1 −/− Gata3 ∆ILC3 mice 4 d after infection with C. rodentium than in that of their similarly infected Rag1 −/− Gata3 fl/fl counterparts (Fig. 6h) . Consequently, Rag1 −/− Gata3 ∆ILC3 mice experienced significant weigh loss starting from day 9 after infection (Fig. 6i) . Although the vast majority of Rag1 −/− Gata3 fl/fl mice had survived the infection at the end of the experiments, all Rag1 −/− Gata3 ∆ILC3 mice died by 12 d after infection (Fig. 6j) .
DISCUSSION
In this study, we demonstrated that GATA-3 was critical for the homeostasis of ILC3 cells, the development of NKp46 + ILC3 cells and IL-22 production by ILC3 cells. IL-7Rα signaling is required for the development, survival and proliferation of ILCs. We found that IL-7Rα expression in ILC3 cells needed continuous expression of GATA-3 and that GATA-3 bound to a region within intron 2 of Il7r. The binding pattern in ILC3 cells was very similar to the binding pattern in ILC2 cells and T H 2 cells, although the expression of GATA-3 is lower in ILC3 cells than in ILC2 cells and T H 2 cells. This would suggest that low expression of GATA-3 might be necessary and sufficient for the regulation of IL-7Rα expression and that GATA-3-mediated IL-7Rα expression might be a common mechanism through which GATA-3 regulates the homeostasis of innate and adaptive lymphocytes. In addition to regulating the homeostasis of ILC3 cells, GATA-3 was critical for the development of NKp46 + ILC3 cells from CCR6 − NKp46 − T-bet + ILC3 cells. Graded expression of T-bet is important for development of the NKp46 + ILC3 lineage, and T-bet suppresses RORγt expression in NKp46 + ILC3 cells 20 . Here we also found that RORγt suppressed T-bet expression in NKp46 + ILC3 cells. Therefore, the balance between T-bet and RORγt might determine the fate of NKp46 + ILC3 cells. Although initial induction of T-bet expression was not impaired in GATA-3-deficient ILC3 cells, RORγt expression was enhanced in the absence of GATA-3. Although T-bet deficiency abolished the development of NKp46 + cells, RORγt expression did not increase after deletion of T-bet. These results indicated sequential involvement of GATA-3 and T-bet in suppressing RORγt expression during the development of NKp46 + ILC3 cells.
Rorc gfp/+ mice had a greater frequency of NKp46 + ILC3 cells than did their wild-type (Rorc +/+ ) littermates. By restoring RORγt expression in Gata3-deficient ILC3 cells, we partially 'rescued' the development of NKp46 + ILC3 cells. These results suggested that GATA-3 affected the balance between T-bet and RORγt particularly at the early stage of NKp46 + ILC3 development and that sequential repression of RORγt first by GATA-3 and then by T-bet was necessary for the development and maturation of CCR6 − ILC3 cells into NKp46 + cells. The delicate cross-regulation of T-bet, GATA-3 and RORγt at different stages offers a plausible explanation for the requirement for all three seemingly antagonistic transcription factors in the development of NKp46 + ILC3 cells.
CCR6 + LTi ILC3 cells and NKp46 + ILC3 cells are two separate ILC3 populations, and they develop from different progenitor cells 22 . Despite their developmental and functional differences, these cells' global gene expression has been assessed by only one study so far 32 . Since ILC3 cells from Rorc gfp/+ reporter mice were used in that study 32 , some of those findings might not truly reflect gene expression in wildtype ILC3 cells. Our results obtained with the RORγt-E2-Crimson and T-bet-ZsGreen double-reporter strain should better reflect the gene-expression profiles of CCR6 + (RORγt + T-bet − ) and NKp46 + (RORγt + T-bet + ) ILC3 populations. Indeed, we not only observed a pattern of expression of most genes similar to that published expression pattern 32 but also detected dozens of lineage-specific genes not reported before. Thus, our data sets will be important for further understanding of the biology as well as the development of these two distinct ILC3 subsets.
Globally, GATA-3 regulated hundreds of genes, either positively or negatively, in each ILC3 subset. Although more than half of the NKp46 + ILC3-specific genes were positively regulated by GATA-3 in NKp46 + cells, the majority of the CCR6 + ILC3-specific genes were negatively regulated by GATA-3 in NKp46 + cells. This suggested that GATA-3 might be an important switch in determining the fate of NKp46 + ILC3 cells versus CCR6 + ILC3 cells, or possibly of CCR6 + ILCs versus CCR6 − ILCs at earlier development stages. Interestingly, genes that were positively regulated by GATA-3 in one ILC3 lineage could be negatively regulated by GATA-3 in the other ILC3 lineage. All these results indicated that GATA-3 regulated the expression of many lineage-specific genes in these two ILC3 subsets in a cell contextdependent manner. GATA-3, together with other lineage-specific transcription factors, such as T-bet, Hey1, Ikzf3, Id3, Egr2, etc., many of which were newly identified in our study here, might form distinct transcriptional regulatory networks that define ILC3 subsets.
In addition to its effects on the homeostasis of ILC3 cells and the development of NKp46 + ILC3 subsets, GATA-3 also regulated their expression of the critical ILC3 effector cytokine IL-22. GATA-3 directly bound to the promoter of Il22 only in ILC3 cells, not in ILC2 cells or T H 2 cells. In addition to directly regulating Il22 transcription, GATA-3 might also indirectly affect Il22 expression by regulating the expression of Ahr, a transcription factor critical for IL-22 production 16, 33 . The relative contributions of these two mechanisms to IL-22 production will require further investigation. Consistent with all these phenotypical changes, mice with Gata3 deficiency in ILC3 cells were susceptible to infection with C. rodentium. In summary, although GATA-3 had low expression in ILC3 cells, it served a critical role in modulating the homeostasis, development and function of the ILC3 subsets by directly regulating the expression of several hallmark genes, including Il7r, Rorc and Il22.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. GEO: RNA-Seq and ChIP-Seq data, GSE71198.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. satisfied the following criteria: a change in expression of over fourfold (higher or lower) and an RPKM value of >10 in either sample, or a change in expression of over twofold (higher or lower) and an RPKM value of >5 in either sample.
For ChIP-Seq analysis, live Lin − CD127 + Thy1 hi KLRG-1 − NK1.1 − ILC3 cells were sorted from the siLP of Rag1 −/− mice, live Lin − CD127 + Thy1 + KLRG-1 + ILC2 cells were sorted from mesenteric lymph nodes of Rag1 −/− mice given injection of IL-25, and T H 2 cells were prepared from naive CD4 + T cells differentiated for three rounds as described 31 . Cells were cross-linked with 1% formaldehyde for 10 min. Chromatin was prepared by sonication with Bioruptor Pico (30 s 'on' and 30 s 'off ' for nine cycles) and was immunoprecipitated with magnetic beads coated with antibody to mouse immunoglobulin G (Diagenode) that had been pre-incubated with anti-GATA-3 (L50-823; BD Biosciences), through the use of iDeal ChIP-Seq Kit for transcription factors (Diagenode). DNA in the ChIP immunoprecipitates was made into an indexed library and was then sequenced as described above for RNA-Seq.
Statistics. Samples were compared with Prism 6 software (GraphPad) by a two-tailed unpaired Student's t-test or one-way or two-way analysis of variance. A P value of <0.05 was considered significant. 
